ability plays in promoting aquatic blue-green algal (cyanobacterial) blooms (5, 7, 12, 13) . Blooms can lead to the formation of surface scums, which are of environmental concern, because a rapid deterioration in water quality often results. Walsby (15) and Reynolds and Walsby (12) attributed scumming to excess buoyancy brought on by intracellular gas vacuole formation. The major freshwater scum-forming genera Anabaena, Aphanizomenon, Microcystis, and marine Oscillatoria (Trichodesmium) all exhibit gas vacuolation. Buoyancy regulation has been linked to cellular turgor pressure; when turgor pressure is high, gas vacuolation, and thus buoyancy, is low, whereas low turgor pressure promotes gas vacuolation (12) . Cellular turgor pressure is controlled by the production of osmotically active substances, the foremost of which are recently produced products of photosynthesis (photosynthate). Hence, when photosynthate pools are depleted, gas vacuolation commonly increases in these genera (4, 16) . Control of photosynthesis is, therefore, a potential mechanism for explaining buoyancy regulation and resultant scum formation. The three most commonly observed environmental constraints on photosynthesis are: (i) photosynthetically active radiation (PAR) availability, (ii) nutrient (most often nitrogen and phosphorus) availability, and (iii) access to a source of CO2. In focusing on the relationship (in either time or space) of these factors to buoyancy, some relevant information exists. Previous studies have shown that PAR requirements of natural cyanobacterial populations are similar to those of eucaryotic phytoplankton (12) . Therefore, it seems unlikely that unusual PAR requirements might initiate the dramatic surface accumulations reported in aquatic environments. Field studies revealed that diel surface scum appearances of Anabaena and Microcystis populations were poorly related to PAR intensity in a variety of nutrient-rich Canadian and New Zealand lakes (6) . Booker and Walsby (1) subsequently showed that, although minimal PAR intensities were essential for eliciting photosynthetically driven buoyancy alteration, the diffusion of CO2 into Anabaena cultures ultimately limited buoyancy regulation. Later, we (10) observed that buoyancy alteration in natural Anabaena and Microcystis populations was independent of the intensity or direction of PAR and the magnitudes of nitrogen and phosphorus enrichment but heavily dependent on ambient pH and C, concentrations. In a separate study, Klemer et al. (8) reported that limitation of the Ci concentration enhanced buoyancy (independent of PAR), whereas limitation of nitrogen decreased buoyancy in Oscillatoria populations. Collectively, these recent studies point to C, concentration constraints, and particularly to CO2 availability, as a potential environmental factor promoting cyanobacterial surface scums. This possibility was examined in natural and laboratory populations of Microcystis aeruginosa.
MATERIALS AND METHODS
The colonial genus Microcystis is extremely buoyant and prolific during blooms (12 RESULTS AND DISCUSSION Oxygen evolution determinations were used to test for C, concentration constraints on photosynthesis. In filled jars, freshly sampled M. aeruginosa populations immediately exhibited constraints in C, concentration availability significant enough to impair photosynthetic 0 evolution. Oxygen evolution rates at natural C, concentrations determined within 1 min after sealing the jars were consistently lower than rates after CO2 additions (CO2 was added to bring the C, concentration from 2.1 to 7.1 mg of C * liter-) (Fig. 1) . Triplicate assays gave excellent agreement, with 02 evolution rates under both natural C, concentrations and C02-amended conditions having standard errors not exceed- ing +1.5% (Fig. 1) . A paired Student t test of 02 evolution rates revealed a highly significant (P < 0.005) difference between natural C, concentrations and C02-amended conditions. Because the time required for CO2 hydration (CO2 + H20 --H2CO3) is relatively long (the time required for half a CO2 addition of 5 mg of C * liter-' to hydrate in Neuse River water was 4.9 min at 28°C), 02 evolution rates could be determined within the time required for CO2 hydration; hence, measurements allowed for direct observations of CO2 utilization by M. aeruginosa.
Additions of HCO3-, as NaHCO3, likewise stimulated 02 evolution over natural C, concentration conditions, although to a lesser extent per milligram of carbon liter-' than CO2 (Table   1 ). This is likely because a strong preference for CO2 over HCO3 as a Ci source occurs in M. aeruginosa as well as other natural bloom-form- was employed to create a range of pH regimes typical of Neuse River conditions. After buffering, CO2 additions of 5 mg of C * liter-1 were made, followed by 02 evolution rate determinations. Results (Table 2) showed that ambient pH regimes had little consequence on rates of 02 evolution per unit biomass, whereas the presence of CO2 enrichment was a dominant factor in enhancing these rates. It is therefore concluded that the C, concentrations, and specifically the CO2 concentrations, present in Neuse River water were insufficient for maintaining optimal photosynthetic rates during blooms.
Microautoradiography Initial slopes of 02 evolution were significantly (P < 0.01) higher in jars provided with a 60-ml headspace than in headspace-free jars, substantiating the above CO2 assimilation results (Fig. 3) .
Among large colonies, C, concentration availability constraints could have been due to photosynthetically active peripheral cells assimilating a bulk of the available ambient CO2 supplies, thereby impairing diffusive transport of CO2 to internal cells. By adding NaH'4C03 in the dark, such blockage should have been alleviated, allowing free 14CO2 to diffuse into the internal regions of colonies. When NaH14CO3 was added at the start of a 15-min dark period followed by a 15-min illumination (700-microeinstein M -2 S-1) period, microautoradiographs of colonies revealed nearly uniform 14C photosynthate labeling throughout the colonies (Fig.   4 ). In contrast, when NaH14CO3 was supplied during continuous illuminated periods, peripheral cells became exclusively labeled, as observed in previously discussed field and laboratory samples ( Fig. 2 and 4) . When Neuse River water was initially enriched with unlabeled NaHCO3, increasing the C, concentration from 2.1 to 10 mg of C * liter-, and NaH14CO3 was subsequently added during illuminated periods, 14C labeling was more uniform throughout large colonies.
The above experiments indicate that CO2 transport to internal portions of M. aeruginosa colonies is constrained when relatively small amounts of the Ci concentration are present in waters supporting actively growing colonies. During periods of vigorous photosynthesis in the Neuse River, CO2 demands by peripheral cells are high enough to set up a CO2 diffusion barrier to internal cells. When colonies are situated near atmospheric CO2 supplies at the air-water interface or when CO2 is directly added to the aqueous phase, these constraints are minimized.
The degrees of buoyancy were closely related to the C, concentrations in Neuse River water. At a buffered pH of 9.00, increased Ci concentration enrichment led to a steady decrease in buoyancy (Fig. 5) . Hence, gas vacuole formation, the mechanism assuring buoyancy in Microcystis populations (14) , appeared to be in- ences in degrees of gas vacuolation between peripheral and internal cells (Fig. 6 ). Since higher photosynthetic activities were confined to peripheral cells (Fig. 2) , the finding that gas vacuolation is inversely related to photosynthetic (photosynthate) production (4, 15) 
